Parathyroid hormone-related protein (PTHrP) contains a nuclear localization signal (NLS) sequence within 87-107. NLS sequences are generally capable of penetrating cellular membranes due to a richness of basic amino acid residues, and thus have been used as cell-penetrating peptides (CPPs) to translocate biologically active peptides/proteins into cells. The NLS sequence of PTHrP is not exception to this finding; however, PTHrP(87-107) contains 2 acidic glutamate residues at 99 and 101 within the basic amino acid stretch, which is not commonly observed in other CPPs such as HIV-1 Tat(48-60). In this study, we indicated structure-function relationship of the PTHrP NLS to understand the effect of acidic glutamate residues on cell permeability and intracellular localization. We chemically synthesized PTHrP(87-107) and its N-terminally truncated analogues. Their intracellular localization pattern was analyzed by microscopy, radioimmunoassay, and fluorescence-activated cell sorting. Although all analogues were translocated into cells, internalization by the cytoplasm and/or nucleus was length-dependent; specifically, PTHrP(97-107), PTHrP(95-107), and PTHrP(93-107) were more frequently localized in the cytoplasm. We assume that reduction in the net positive charge within PTHrP NLS analogues resulted in increased cytoplasm-translocation activity. We propose that PTHrP(97-107) is a useful carrier peptide for delivery and expression of cargo molecules in the cytoplasm.
Peptide-mediated protein translocation is a popular method of delivering biologically active peptides/ proteins into cells. This transport system is conducted by short peptides (< 30 amino acids) that translocate large molecules into cells [reviewed in (14) ]. These so-called cell-penetrating peptides (CPPs) are found in protein transduction domains or nuclear localization signals (NLSs) of viral proteins (5) . CPPs have been applied to in vitro biological and clinical studies (6) . For instance, short peptides from HIV-1 Tat protein including Tat(48-60) and Tat(47-57) have been widely used to deliver cargo molecules into cells (26, 29) . The amino acid sequences of CPPs are rich in basic amino acid residues. Interestingly, a short peptide containing only 8 arginine residues was translocatable (7) . Parathyroid hormone-related protein (PTHrP) was identified as a tumor-derived secretory protein (17) . The N-terminal 20 residues of the 141-amino acid peptide showed structural similarity to parathyroid (Molecular Probes) in dimethylsulfoxide. The addition of a cysteine residue at the C-terminus of PACAP (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , an N-terminal peptide from the 38-amino acid peptide, produced PACAP(1-15)-Cys. Subsequently, PACAP(1-15)-Cys was conjugated with Cys-PTHrP(87-107) analogues or Cys-Tat(48-60). After release from the resins, crude peptides were purified by C18 reversed-phase HPLC using a Mightysil RP-18 GP-250-20 (20 × 250 mm, 5 μm) column (Kanto Chemical, Tokyo, Japan). Analytical HPLC was conducted on a TSKgel Amide-80 (4.6 × 250 mm) column (Tosoh, Tokyo, Japan). Peptide molecular weights were determined by MALDI-TOF mass 4700 Proteomics Analyzer (Applied Biosystems). Amino acid analysis was run on an L-8800 amino acid analyzer (Hitachi High-Technologies, Tokyo, Japan) after hydrolysis for 24 h at 110°C. HPLC profiles, mass values, and amino acid analyses were in excellent agreement with the expected criteria.
Cells, cell culture, and peptide uptake. Human lung small cell carcinoma SBC-3A (16) and SBC-3 (Health Science Research Resources Bank, Osaka, Japan), and human T-lymphoblastoid Jurkat (American Type Culture Collection, Manassas, VA, USA) cells were maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum at 37°C under 5% CO 2 . For peptide uptake, cells were seeded in chamber slides or culture plates, and grown in culture medium. The cells were then exposed to peptides under various conditions indicated in the text. Subcellular localization of fluorescein-labeled peptide was observed by fluorescence microscopy. Intracellular amounts of peptide were quantified by radioimmunoassay (RIA) or fluorescence-activated cell sorting (FACS) as described below.
Microscopy. After cells (5 × 10
4 cells/well) were seeded in 8-well chamber slides and cultured overnight, fluorescein-labeled peptides were added to fresh medium at various concentrations. After incubation for the indicated time periods, cells were treated as follows: wash with phosphate-buffered saline (PBS) 3 times, fix with 4% paraformaldehyde for 30 min at room temperature, wash with PBS 3 times, nuclear staining with 10 μg/mL Hoechst 33258 solution (Dojindo Laboratories, Kumamoto, Japan) or 10 μg/mL 4′,6-Diamidino-2-phenylindole (DAPI) solution (Dojindo Laboratories) for 30 min at 37°C, wash with PBS 3 times, and mount with Vectashield (Vector Laboratories, Burlingame, CA, hormone (PTH) (27) . Since PTHrP and PTH bind to a common G-protein-coupled cell surface receptor (PTH/PTHrP receptor 1) that recognizes their N-terminal regions, PTHrP exhibits PTH-like biological activities, giving rise to the common paraneoplastic syndrome of malignancy-associated hypercalcemia (21) . Although the proteins otherwise share limited homology, there is a clear difference in their C-terminal regions; only PTHrP contains an NLS within residues 87-107, which will translocate a cytoplasmic protein into the nucleus when expressed as the fusion protein (1, 9) . Tat(48-60) is one of the most frequently used CPPs. Comparison of the primary structures between PTHrP(87-107) and Tat(48-60) indicates that only PTHrP(87-107) includes 2 glutamic acid residues embedded in the stretch of basic amino acid residues (Fig. 1) . This prompted us to study structure-function relationship of the PTHrP NLS in cell permeability. Herein, we indicate that loss of N-terminal 6 to 10 amino acid residues in PTHrP(87-107) reduced nuclear translocational activity, which may be due to the reduction in net positive charge. In addition, PTHrP(97-107) enabled the delivery of peptide fragments derived from bioactive peptides and tumor antigens including pituitary adenylate cyclase activating polypeptide (PACAP) and carcinoembryonic antigen (CEA) into cells, where they were preferentially localized to the cytoplasm rather than the nucleus. We suggest that PTHrP(97-107) is a useful carrier peptide for delivering molecules for cytoplasmic expression while avoiding nuclear toxicity.
MATERIALS AND METHODS
Peptides. All peptides were chemically synthesized by the Merrifield solid phase method using an Applied Biosystems peptide synthesizer 430A with either t-butyloxycarbonyl (Boc)-benzyl chemistry on a 4-(oxymethyl)phenylacetamidomethyl polystyrene resin (Applied Biosystems, Foster City, CA, USA) or an Applied Biosystems peptide synthesizer 433A with 9-fluorenylmethoxycarbonyl (Fmoc) chemistry on 4-(hydroxymethyl)phenoxymethyl-copolystyrene 1% divinylbenzene resin (Applied Biosystems) as described previously (10, 19) . A cysteine residue was added to the N-terminus of PTHrP(87-107) analogues, Tat(48-60), and CEA fragments for fluorescein-labeling and PACAP(1-15)-Cys coupling. Fluorescein-labeling was performed by 30 min-treatment with 1.5-2.5 equimolar of fluorescein-5-maleimide (Molecular Probes, Eugene, OR, USA) and tris-(2-carboxyethyl)phosphorine hydrochloride tions. The fluorescence intensity was analyzed using an ARVO MX/Light 1420 Multilabel Luminescence Counter (Perkin Elmer, Waltham, MA, USA). Fluorescein-labeled Tat(48-60)-CEA(101-109) ranging from 0 to 2,000 ng/mL was used as a standard for quantification. The amount of fluorescein-labeled peptide in each fraction was calculated based on fluorescence intensity.
RESULTS

Primary structure of the PTHrP NLS
CPPs are often discovered in the NLSs of proteins such as HIV Tat (29), HIV Rev (7), flock house virus (FHV) coat (7), Antennapedia homeodomain (Antp) (4), nuclear factor-kappa B (NF-κB) (22) , simian virus 40 large T antigen (SV40 TAg) (2), and lymphoid enhancer-binding factor 1 [LEF1, also known as T cell factor 1-α (TCF1-α)] (22) (Fig. 1) . It has been suggested that basic amino acid residues in CPPs play an important role in penetrating cellular membrane via interaction between the positively charged CPP and negatively charged components of the lipid membrane (14) . The PTHrP NLS is located in the middle region 87-107 (9). The corresponding peptide, PTHrP(87-107), contains a cluster of basic amino acid residues; 13 out of 21 amino acids are basic. Interestingly, there are 2 glutamic acid residues embedded within this stretch, whereas the classical CPPs have no or only one acidic residues (Fig. 1 ). This unique feature in the PTHrP NTS prompted us to conduct further investigation of the structurefunction relationship on cell permeability.
Cellular uptake of PTHrP(87-107)
Fluorescein-labeled PTHrP(87-107) was added to the culture medium of SBC-3A cells and incubated for 6 h at 5, 10, or 20 μM. Confocal microscopy indicated that PTHrP(87-107) was delivered into the intracellular region as in the case of Tat(48-60) ( Fig. 2A) . To quantify peptide uptake, we exposed the PACAP(1-15) conjugates to cells, and the intracellular amounts of these peptides were measured as PACAP(1-15)-like immunoreactivity (IR). The uptake amount of PACAP(1-15)-PTHrP(87-107) increased in proportion to the peptide concentration (Fig. 2B ). There were similar PACAP(1-15)-like IRs between 5 μM PACAP(1-15)-Tat(48-60) and 20 μM PACAP(1-15)-PTHrP(87-107), indicating higher translocation efficiency of Tat(48-60) than PTHrP(87-107). It should be noted that RT-PCR analysis provided no mRNA expression of PAC1-a PACAP receptor with high affinity to PACAP (8)-USA). Intracellular localization of fluoresceinlabeled peptides was observed under a confocal laser scanning microscope LSM510 (Carl Zeiss, Oberkochen, Germany) equipped with a ×100 oil immersion lens or a fluorescence microscope IX71 (Olympus, Tokyo, Japan) equipped with a ×20 lens.
Quantification by radioimmunoassay. After SBC-3A cells (1 × 10 5 cells/well) were seeded in 24-well plates and cultured overnight, PACAP(1-15) conjugates were added to fresh medium at various concentrations. After 6 h incubation, cells were trypsinized, transferred into a 1.5-mL tube, and centrifuged at 2,000 × g for 5 min. The pellet was washed with PBS 3 times, and then dissolved in 0.1 N NaOH (300 μL). The mixture was neutralized with 1 N HCl (300 μL) and incubated for 20 min. After centrifugation at 12,000 × g for 20 min at 4°C, PACAP(1-15)-IR in the pellets was measured by the PACAP(1-15) RIA system (18) .
Quantification by FACS analysis. After Jurkat cells (1 × 10
5 cells/well) were seeded in 24-well plates and cultured overnight, fluorescein-labeled peptides were added to fresh medium at various concentrations and incubated for the indicated time periods. After incubation, the floating cells and culture medium were transferred into a 1.5-mL tube and centrifuged at 2,000 × g for 5 min. The pellet was washed with PBS 3 times, and then resuspended in PBS containing 0.1% bovine serum albumin (SigmaAldrich, St. Louis, MO, USA) and 0.1% sodium azide (Sigma-Aldrich). Fluorescence intensities were analyzed using a FACSCalibur (BD, Franklin Lakes, NJ, USA) (25) . The ratio of fluorescein-labeled peptide uptake versus the amount applied was calculated based on fluorescence intensity.
Subcellular distribution. After Jurkat cells (5 × 10
5 cells/well) were seeded in 6-well plates and cultured overnight, fluorescein-labeled peptides were added to fresh medium at 50 μg/mL and incubated for 3 h. The floating cells and culture medium were collected as described above. After washing with PBS, the pellets were dried over and suspended in CER buffer (200 μL) from the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, Rockford, IL, USA). To prepare nuclear and cytoplasmic extracts, the remaining procedure was conducted according to the manufacturer's instructions. The protein concentration was determined using the BCA Protein Assay Reagent (Thermo Fisher Scientific) according to the manufacturer's instruc- to produce recombinant plasmids and transfection led to fusion protein localization within the cells (1, 9) . This is the first study indicating that synthetically prepared PTHrP(87-107) per se is a CPP that can in SBC-3A cells (data not shown), excluding involvement of the PAC1 receptor in this translocation event. Previously, PTHrP(87-107) was fused with large proteins including β-galactosidase and c-myc deliver cargo molecules into cells.
Effect of N-terminal truncation of PTHrP(87-107) on cellular uptake
To clarify the essential peptide sequence of PTHrP(87-107) as a CPP and carrier peptide, we investigated the effect of truncation of PTHrP(87-107) on cell permeability. Five truncated analogues in the N-terminus of PTHrP(87-107) including PTHrP(89-107), PTHrP(91-107), PTHrP(93-107), PTHrP(95-107), and PTHrP(97-107) were prepared in the process of PTHrP(87-107) synthesis (Table 1 ). These peptides were introduced into the culture medium of SBC-3 cells and their intracellular localization was observed by microscopy (Fig. 3A) . Although all peptides were localized to the nucleus and cytoplasm, accumulation in the nucleus seemed to be inversely dependent on length: the nuclear signal intensities of fluorescence were weaker in shorter analogues including PTHrP(93-107), PTHrP(95-107), and PTHrP(97-107) than in PTHrP(87-107), PTHrP(89-107), and PTHrP(91-107). Calculated as PACAP(1-15)-like IR, the uptake of PACAP(1-15) conjugates with PTHrP(91-107) and PTHrP(97-107) were 0.8 and 0.5 times less than the uptake of PTHrP(87-107), respectively (Fig. 3B) . In addition, when cells were incubated at 4°C, the uptake of PTHrP(87-107) increased twice as much as it did at 37°C. A similar increase was observed with Tat(48-60). In contrast, there was no significant temperature effect with PTHrP(91-107) and PTHrP(97-107).
Intracellular delivery of CEA epitope peptides by
PTHrP(97-107) As described above, since PTHrP(97-107), the shortest PTHrP(87-107) truncated analogue, still possessed intracellular translocation activity, we investigated whether PTHrP(97-107) can deliver cargo molecules into cells. Carcinoembryonic antigen (CEA), a glycoprotein expressed in several cancer types, is a potential target for specific immunotherapy (20) . Cancer antigens including CEA are recognized by cytotoxic T lymphocytes (CTLs) in short peptide epitopes of 8-10 amino acids in conjunction with major histocompatibility complex (MHC) class I molecules on the cell surface (28) . In human leukocyte antigen (HLA), corresponding to MHC, HLA-A24 is one of the most frequent MHC class I alleles observed in Japanese individuals (3). Thus, we targeted HLA-A24 for intracellular delivery and searched CEA sequences with the HLA-A24 binding motif based on the HLA peptide binding predictions of the Bioinformatics and Molecular Analysis Section (http://bimas.cit.nih.gov/molbio/hla_bind/). CEA(101-109), a CEA fragment with the fourth highest NIH score, was used for further studies as it induced CTL in peptide-pulsed dendritic cells derived from peripheral blood mononuclear cells of a healthy donor (unpublished data). In addition, CEA(98-109) (REIIYPNASLLI), in which 3 amino acid residues are extended to the N-terminus of CEA(101-109), was prepared to observe the processing effect on CTL killing activity. These CEA fragments were conjugated with PTHrP(97-107) or Tat(48-60). After exposure to Jurkat cells, fluorescence microscopy showed that Tat(48-60)-CEA(101-109) and Tat(48-60)-CEA(98-109) accumulated in the nucleus and cytoplasm, whereas PTHrP(97-107)-CEA(101-109) and PTHrP(97-107)-CEA(98-109) preferentially accumulated in the cytoplasm (Fig. 4A) . Peptide uptake was quantified by converting fluorescence intensities (Fig. 4B) , and further quantification in subcellular fractions indicated that PTHrP(97-107)-CEA conjugates accumulated significantly more in the cytoplasm than in the nucleus (Fig. 4C) . Cell viabilities were greater than 95% for CEA analogues conjugated with both PTHrP(97-107) and Tat(48-60) after 24 h-exposure to Jurkat The overall net charges were calculated by estimating the total number of charges at pH 7, assigning a value of −1 to each acidic residue (D, E, and C-terminal COOH) and +1 to each basic residue (K and R).
a synthetic approach, we indicated the structurefunction relationship of the PTHrP NTS and revealed that PTHrP(87-107) functions as a CPP. In addition, PTHrP(97-107), in which 10 amino acid residues were truncated from the N-terminus of PTHrP(87-107), can preferentially deliver a cargo molecule to the cytoplasm.
Massfelder et al. indicated that amino acid residues responsible for nuclear targeting of PTHrP are located within 88-106 region containing 2 clusters cells at 50 μg/mL (data not shown). These results suggested that PTHrP(97-107) is useful as a cytoplasm-localization peptide for specific cytoplasmic expression, while avoiding cellular toxicity.
DISCUSSION
The PTHrP NTS sequence is used as a carrier peptide for the translocation of cargo proteins when introduced as fusion proteins in to cells (1, 9) . Using are important for its nuclear localization, consistent with the observation by Massfelder et al. (15) .
Cell permeability is associated with the presence of basic amino acid residues, which interact with negatively charged components of the membrane, such as heparin sulfate and the phospholipid bilayer [reviewed in (14) ]. PTHrP(87-107) analogues showed little difference in the ratios of basic amino acid resof basic amino acids (88-91 and 102-106) (15) . We showed that PTHrP(87-107), as with Tat(48-60), was localized to the nucleus and cytoplasm (Fig. 2) . However, shorter PTHrP(87-107) analogues including PTHrP(93-107), PTHrP(95-107), and PTHrP(97-107) were preferentially localized to the cytoplasm rather than the nucleus (Fig. 3A) . This suggested that amino acid residues 87-92 in PTHrP(87-107) It should be noted that the original blue color image of DAPI was converted to red for merging colors. B, Quantification of the intracellular uptake of CEA-related peptides. The fluorescence intensities were converted to uptake quantities of fluorescein-labeled peptides (ng/μg total protein). C, Intracellular distribution of CEArelated peptide uptake. After converting the fluorescence intensities to the uptake amounts of fluorescein-labeled peptides, the ratio of peptide content in the cytoplamic and nuclear fractions were calculated (denoted as C and N, respectively). Fluorescein-labeled CEA-related peptides (50 μg/mL) were exposed to Jurkat cells for 3 h at 37°C. The data represent means ± SD values of triplicate experiments. Asterisks denote significant differences between the 2 subcellular fractions (P < 0.05).
cytoplasm. The use of PTHrP(87-107) provides 2 advantages: it may prevent cell damage that usually occurs from nuclear toxicity, and it may enhance protein expression and interaction in the cytoplasm.
idues, ranging from 59% to 64% (Table 1) , assuming that the pattern of nuclear/cytoplasm localization is not dependent on these ratios. However, preferential localization may be attributed to the presence of 2 acidic residues at positions 99 and 101 within the 2 clusters of basic residues (Fig. 1) . The ratios of acidic residues increase from 10% in PTHrP(87-107) to 18% in PTHrP(97-107). In addition, their presence reduces the net positive charges of peptide, leading to less membrane penetration and nuclear localization. In fact, peptide uptake decreased in inverse proportion to length (Fig. 3B) . PTHrP(95-107) and Tat(48-60) consist of 13 residues, 8 of which are basic (Table 1) . However, no acidic residues are included in Tat(48-60). Therefore, it is conceivable that PTHrP(95-107) is less permeable than Tat(48-60).
Whether CPP cellular uptake occurs via endocytosis or transduction of direct penetration has been a matter of much debate (14) . HIV-1 Rev(34-50) and oligoarginine exhibited no significant difference in peptide uptake between 37°C and 4°C, indicating little involvement of endocytosis-like pathways (7). However, endocytosis has become the major route of CPP internalization including Tat and oligoarginine since Richard et al. noted several technical issues for characterization of CPPs (23) . Thus, it is too early to conclusively determine the mechanism of internalization for PTHrP(87-107) analogues by our temperature studies (Fig. 3B) . Previously, Lam et al. indicated that cellular uptake of fluorescencelabeled PTHrP(1-108) was out-competed by an excess of non-labeled peptide, indicating that uptake is receptor-mediated (13) . As the binding site of PTHrP on PTH/PTHrP receptor 1 is located within the N-terminal region (27) , we can exclude the PTH/ PTHrP receptor 1-mediated pathway as a possible uptake mechanism of PTHrP NLS analogues.
The nuclear import of PTHrP occurs via an importin β1-mediated pathway (13) and PTHrP 83-93 is essential for importin β1 recognition (12) . Moreover, Lam et al. showed that PTHrP nuclear import is dependent on microtubules (11) . Recently, Roth et al. revealed that the minimal region of PTHrP required for microtubule-enhanced nuclear import is 82-108 (24) . This may explain why PTHrP(97-107), PTHrP(95-107), and PTHrP(93-107), in which the recognition sites of importin β1 and microtubules are excluded, exhibit poorer nuclear localization.
In the present study, we indicated that PTHrP(97-107) is a cytoplasmic-localizing peptide with potential utility for transporting cargo molecules to the
